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ABSTRACT

This program is a feasibility study of the fabrication of
thin film passive elements by the '"Cold Substrate Deposition
Process'. The thin film passive elements referred to are resis-
tors and capacitors. Cold substrate deposition is a unique film
forming process developed by the Librascope Group of General
Precision, Inc. A number of benefits are inherent in this process.
Two of particular importance to this program are (1) the ability
to form a very thin film of high integrity, and (2) the tenacious
bonding that is obtained between deposited film and substrate,
achievable with a wide variety of materials systems without increas-

ing the temperature of the bulk substrate above room ambient.

The goals of this program are to demonstrate that the process
can be used to advantage to form arrays of resistors ranging from
102 to 105 ohms per square, and arrays of capacitors of 60,000
pico-farads per square inch. Such devices were successfully
prepared, and have electrical properties which demonstrate the

potential advantages of the process in this area of application.
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1.0 INTRODUCTION AND SUMMARY

The objective of the present contract is to demonstrate the feasibility

of forming high performance thin film passive elements by cold sub-
strate deposition. The elements of specific interest are resistors and
capacitors. The design goals for the element characteristics were
purposely set to advance the state of technology established. The results
of the studies and experiments conclusively indicate that the Cold Sub-
strate Deposition Process employed can produce resistors and capacitors
having advanced characteristics. The important aspect of this process
is the uniformity with which the necessary materials can be deposited

to attain thinner continuous film. In the case of the resistor, this leads
to higher resistance values per square without significant penalties in
performance characteristics, in the case of capacitors the process gives
high specific capacitance, consistent with satisfactory voltage breakdown

and dissipation characteristics.

For resistors, eight design goal criteria were considered as objectives
for each of four resistance ranges: 100, 1,000, 10,000, and 100,000
ohms per square. FEach of the design goals was met by devices of both

100 and 1,000 ohms per square. Devices of 10,000 ohms per square

met five of the eight design goals and approached meeting a sixth. Devices
of 100, 000 ohms per square met five design goals. Substrate numbers

for specimens meeting goals are tabulated in Appendix II.

The results of the program definitely demonstrate that resistors of sheet
resistance up to 1,000 ohms per square and having completely satisfactory
properties, can be fabricated by cold substrate deposition. Resistors of
10,000 and 100, 000 ohms per square can be presently fabricated by this
technology, if some moderate tradeoffs of characteristics are accepted.
There is a definite indication that eventually even these tradeoffs will be

unnecessary.

Further results of the program show that capacitors up to 60, 000 pf/in2
with desirable voltage and temperature characteristics can be prepared.

There were eight design goals set for capacitors; four of these were met

[
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without qualification. Three more were met conditionally (by less
stringent tests which are commonly accepted). The final design goal
for capacitor (stability under a high temperature environment) was
approached, but not met. All devices showed a change of capacitance
in excess of the desired range, but this change was consistent on a
percentage basis for all devices. It is striking to note that the Cold
Substrate Deposition Process permitted the fabrication of capacitors
with values in excess of 2, 000, 000 pf/in2 using a silicon monoxide

dielectric,

This report includes an outline of the overall fabrication techniques

used, the equipment and procedures used for testing, tables of raw

test data, and evaluation of the results of the program, and recommended
steps to further exploit this process, including the development of
commercial production techniques. Data and evaluations of the two types
of passive elements are presented separately. A separate analysis
section contains information of interest with regard to composition,
morphology, and geometry of resistive and dielectric films and their

relationships to electrical properties regardless of method of fabrication.

The design goals for the study are listed in Appendix I. This is followed
by a copy of a communication, titled, '""Technique for Photomasking on
Light Scattering Substrate Materials', which is being submitted to the

Review of Scientific Instruments for publication.
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2.0 RESISTORS

This section describes, in chronological sequence, the steps taken
in the fabrication, by cold substrate deposition, of multiple thin film

resistors on a single substrate in five ranges of resistance. The

ot 3l
matcrials chosen and the ty

e
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guipment employed for fabrication,

pe
control and test are considered in detail. Problems encountered and
how they were resolved or what remains to be done are discussed.
All significant raw data are tabulated. Finally, an evaluation is pre-
sented of the results achieved, as verified by the test data, versus

the design goals, as summarized in Appendix I.

At the beginning of the program, the first problem which was encountered
and solved, was that of using rejection masks on light scattering sub-
strates. It was found that exceedingly poor image resolution resulted
when using rejection masking techniques on glazed alumina substrate.
This was determined to be a consequence of internal backscattering of
light. The solution was the use of a thin layer of silicon monoxide applied
directly on the glazed surface of the substrate. This material absorbs
strongly in the wavelengths to which the photoresist is sensitive, thereby
eliminating the backscattering. Any light which could degrade the image
would have to survive a double pass through this layer. The layer was

just thick enough to preclude this degradation with certainty.

The second problem area encountered was the drift of sheet resistance of
resistors upon venting the vacuum chamber to the atmosphere. This was
solved by depositing a layer of silicon monoxide directly on the resistive
material immediately after its deposition. This provides a dense coating
of a suboxide which will not readily release its oxygen to the resistive
metal film. The films used for this coating were generally of the order of
5,000 angstroms in thickness, though it appeared that 1,000 angstroms
may have been sufficient. The initial variation of uncoated films was as
great as 10 percent upon exposure to atmosphere. The coating permitted
fabrication of samples such as 66A14 and 66A5 which contained specific
devices whose variations were within the experimental measurement error

during the characterization for all design goals, including the 100 hour
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test for stability at 145° C.

The next area requiring work was that of obtaining uniformity over a
large area. The cold substrate deposition process follows the well
known cosine squared law of distribution. This means that the thick-

ness of the deposit reduces as the square of the cosine of the angle of

s
incidence. In order to reduce this effect, a rotating sector shutter
was introduced. With this shutter in use, geometrically dependent
resistance variations dropped to less than one percent. The first
sample run using the combination of sector shutter and screen mesh
was 66A29 with a spread of + 0. 37% from the median value. Wide
spreads in runs after this time are due to factors other than simple

geometry, specifically, variations in chamber parameters related

to the Cold Substrate Deposition Process.
2.1 FABRICATION PROCEDURES

The fabrication procedures employed during the course of the program
are described in this section. These have been found to work well as
laboratory processes, but would undoubtedly require modification to

some extent for pilot production quantities.

Resistor fabrication consists of the following steps: substrate cleaning,
SiO undercoat deposition, conductor layer deposition, conductor pattern
definition (using photoresist and chemical etching), resistor definition
(application of a photoresist rejection mask), resistor layer deposition
(immediately followed by a SiO protective overcoat), stripping (removal,
via organic solvents, of the rejection mask together with the correspond-
ing portion of the resistor layer) and trimming (to achieve precision

resistor values).

All resistor geometries were 3mm X 3mm, with four such units per
substrate. A typical resistor substrate is shown in Figure 1. The
resistor depositions were performed in a vacuum station containing an
electron beam evaporant source with multiple crucibles. This station

and other equipment employed are described in detail in Section 2. 2.




Figure 1. Resistor Substrate

Four Tophet-C Resistors (3mm X 3mm)
on Glazed Alumina Substrate (1/2'" x 3/4").

Figure 2. Capacitor Substrate

Six Si O Capacitors (3mm X 3mm)
on Glazed Alumina Substrate (1/2' x 3/4")
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2.1.1 Conductor Deposition

The substrates are given a detergent rinse, and are scrubbed with |
a foam plastic towel to remove loose glaze particles. They are

then washed in distilled water, and given electronic-grade solvent \‘
rinses. The final drying is by a blast of dry gas to squeegee off the !
solvent. The .system is loaded with a charge of SiO (vacuum outgassed,
Linde select grade, + 10 mesh). The substrates are mounted on the

work holder, the chamber is closed, and pumped down. The SiO under-
coat is deposited and the system is vented. The substrate holder with
substrates is removed and temporarily stored in a dust-free environment.
The system is then loaded with either titanium-copper-nickel, or titanium-
nickel, depending on the conductor resistivity needed. Vacuum outgassed
boules are used. Each metal charge is separate, and each is placed in

a separate crucible. The substrate holder is replaced and the system is
pumped down. The metal layers are then deposited sequentially. The
titanium layer is very thin, usual deposition parameters being 15

seconds at 1000 watts power for the electron beam unit. The copper

and nickel layers are much thicker, and are normally run for 5 to 15
minutes at 1750 to 2000 watts beam power (depending on the required
properties of the conductors). The system is then vented and the sub-

strates are removed for pattern definition.

2.1.2 Conductor Definition

The substrates are transferred by the use of tweezers and other mechanical
handling devices from bell jar to microscope where the coatings are
examined. They are then moved to a whirling table, coated with 60% KTFR
(Kodak Thin Film Resist), and spun at 6,000 RPM. This coating is air

dried for 20 minutes and prebaked for 10 minutes at 80°C. Each substrate

is then placed on a K & S micropositioner for pattern alignment and exposure.
A two second exposure with a Leitz 200 watt U. V. source is used. The
resist is then spray developed. The patterns are examined under a low
power microscope (selected samples are also examined at 600 power. The

patterns are then postbaked at 110°C prior to etching.




The copper and nickel layers are etched with ferric chloride. The
titanium flash must be removed with 2% hydrofluoric acid. This etch
step is quite critical. Too light an etch will leave a conductive film
between electrodes; too deep an etch will undercut the electrodes. A
combination of time, visual observation, and electrical check is used.
A definite color change can he detected as the etching nears completion.
When etching is completed, the photoresist is removed, and the sub-

strates are cleaned for the next operation.

2.1.3 Resistor Definition

The resistor areas are defined by means of rejection masking. Rejec-
tion masking is a process in which a removable coating of photoresist
is placed on the substrate. The photoresist is exposed through the
appropriate photographic negative. This provides a photoresist coating
on all areas of the substrate which are not resistor areas. The resistor
layer deposition is then performed (as described in Section 2.1.4), and
the removable coating is stripped, (see Section 2.1.5), leaving behind
a sharply defined resistor pattern. The rejection mask material used
is 60% KTFR. The procedure employed is identical to the photresist
procedure described in Section 2.1.2, with one exception; a one-second
exposure is used rather than a two-second exposure. The image on the
substrate is examined under low power and at 600 power prior to a

postbake.

2.1.4 Resistor Deposition

One or more substrates and a monitor substrate are mounted on the sub-
strate holder. A freshly measured and coiled charge of Tophet-C wire
(composition and source given in Section 2.2.1), is placed in one crucible.
A second crucible is loaded with a charge of SiO as described in Section
2.1.1. The system is then pumped down. The Tophet-C is melted and
vacuum outgassed for a predetermined time (shutter closed). The crucible
is permitted to cool and the system is then purged with argon. The
Tophet-C is remelted, and the shutter is opened until the correct reading

is obtained on the monitor. The shutter is closed, the melt cooled, and
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the SiO is immediately evaporated to cover the resistor. The system

is vented and the substrates are removed.

2.1.5 Stripping

The rejection mask is now removed by soaking in a stripping solution

£

{consisiing of equal volumes of dichloroethane, tri
toluene) and applying a light brushing. This particular solution is used
because some of the commercial strippers contain materials which
would etch the conductor pattern. The resistor sample is cleaned and

is then ready for testing.

2.1.6 Trimming

The method used on this contract for trimming resistors was scribing
by a microprobe. The sample being trimmed for adjustment of its
resistance was continously monitored with a resistance bridge during

the scribing.

2.2 EQUIPMENT AND MATERIALS FOR FABRICATION

This section lists the materials and the equipment used for resistor
fabrication and gives some further indications as to their use and/or

features.

2.2.1 Materials

All resistors for this program were prepared on American Lava
AT-60400-M substrates. These are 1/2 inch by 3/4 inch by 0.030

inch thick. The base is 0.025 inch thick ALSIMAG 614 with a 0. 005
inch coating of glaze 743. The glaze 743 is basically a lead boro-
silicate glass with an alkali content of about 3%. In use, this is
covered by a 1/2 to 1 micron layer of silicon monoxide. The form
used is Linde select grade, vacuum outgassed, +10 mesh. The
resistor element itself is Tophet-C (which is a 28% iron, 50% nickel,
12% chromium alloy obtained from Wilbur B. Driver Company). The
wire used is size 20, with a resistance of 0.673 ohms/ft. The titanium,

copper, and nickel presently being used are commercially available
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wires of high purity. Prior to their use, these materials were
run for some time at high temperatures under a vacuum until

well outgassed.

2.2.2 Deposition System

Th system is a Veeco VS-400 module with a Welch 1397R

e pumpin ystem a Veeca
roughing pump. The system employs a liquid nitrogen cold trap.

The gaging is done by a Veeco module which consists of one ion gage
and two thermocouple gages. The chambher is a special cylindrical
unit fabricated around a Varian spool collar. A four inch pumping
port is located on one side of the collar so that the entire top and
bottom areas are available for unrestricted placement of internal
fixturing. The collar itself provides seven ports for electron gun and
accessory mounting. Further access is provided through the top and
bottom plates. The jar is an open ended cylinder. All chamber

seals are either viton or copper. The electron gun is a three-crucible
Varian assembly. This unit is capable of delivering 2 KW beam

power. The cold substrate deposition apparatus used in conjunction

with this equipment is the Librascope design and fabrication.

2.2.3 Monitoring

The resistance of a separate monitor film is measured as the film is
deposited. The resistance is determined by passing a constant current
through the monitor film and measuring the voltage drop across the
film. A current source is created by connecting a large-valued resistor
in series with a 90 volt battery. A 12 volt zener diode is connected
across the output terminals so the open circuit voltage will be limited.
A self contained, high impedance millivoltmeter is connected across
the output terminals. The output voltage is proportional to the
resistance when the proper multiplying factor is used. During the cali-
bration procedure, a precision resistor of the value to be deposited is
connected across the monitor piece terminals and the monitor is set to

the desired end point.

As the deposited film thickness on the monitor increases, the meter
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reading approaches the predetermined value. Deposition is halted
manually when the desired value of resistance is reached. Resistance
values from one ohm to 100 kiloohms have been monitored by the means

described.

2.2.4 Photoresist k.quipment

All photoresist work is done in a room under positive atmospheric
pressure and with filtered air inlets. This room is lighted with gold
fluorescent tubes to prevent the photoresist from fogging. Critical
steps are performed in positive-pressure cabinets which are filtered
to provide white conditions. The equipment used includes a Transmask
whirling table and a K&S alignment machine. There is a separate
closeable booth for spray development. This includes air brushes and
a special gas supply system to provide dried and filtered nitrogen.
Optical microscopy, including a large screen comparator, is available
in the room. Dust-free ovens with good temperature tracking are

available for pre-and post-baking.

2.3 TEST EQUIPMENT AND PROCEDURES

This section describes the test equipment and procedures used in making
measurements on the resistor samples, and in environmentally stressing

them.

2.3.1 Resistance

Resistance values were taken at room temperature on an ESI resistance
bridge. The bridge used was a model 250 DA, which reads five places

for resistors for which the first two significant figures are either 11 or
10, and reads four places for all other values. There is a possible

reading error of about + 3 in the last place.

2.3.2 Current Noise

Current noise measurements are made with a system consisting of an
audio oscillator, a microvolter, a d-c source, a sample box, a low-

noise preamplifier, a narrow-band filter and meter, a rectifier and

10



filter, and a strip chart recorder.

The audio oscillator and microvolter are used to supply a calibrating

signal to the system. They are not connected during the actual run.

The system used for the actual test is the d-c supply, the sample box
(with load resistor), the low-noise preamplifier, the filtering and

rectifying modules, and the strip chart recorder.

System gain is adjusted to read one microvolt output on the meter for
one microvolt input. The center band of the system is 480 cycles with
a 38 cycle noise equivalent band width (rectangular band width). The
load and sample resistors are connected into the circuit and a system
noise reading (no bias voltage) is taken for a minimum of one minute.
Bias voltage is applied and a reading for at least one minute is taken.
The resulting data are then mathematically processed to give noise per

decade in db to the index of

1 i volt (RMS)
volt (DC)

This procedure is as follows: First, the mean values of system noise
(Ng) and total noise (NT) are read from the strip chart. Resistor noise

(NR) is found from

_ Rx + R 2 2
Np = L Nt~ -Ng
RL
where RX = Resistance of specimen; RL = load resistance; N =

open circuit resistor noise voltage.

NR is then expanded to 1 decade. In this case, the multiplier is 5. 5.
The result is Ny (noise per decade) in microvolts. This is then con-

verted to db to the index of 1 microvolt per volt.

11
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2.3.3 Temperature Coefficient

A dynamic tester is desirable to facilitate the testing of a large
number of samples. A system has been devised which measures
and records environmental temperature and percentage change
~f
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A two channel strip chart recorder is used to record the two para-
meters in real time. A thermocouple is attached to the resistor
substrate, and the output connected to a compensating circuit.

Here, a voltage is added to the thermocouple output, corresponding
to the difference voltage between 0°C and room temperature. The
combined voltages are fed to the recorder. A transistorized con-
stant current generator is connected to the resistor being tested.

The current is adjusted to cause an IR drop equal to that of a mercury
battery which is connected in series opposition. The resulting
output, which is zero at room temperature, is connected to the
recorder. The scaling of the recorder is such that a 1% change of
resistance will cause a full scale deflection. Other scaling is readily

available.

Samples have been measured from room temperature up to both 125°C
and 145°C. A few check runs have been made to a negative tempera-
ture (—3OOC). A test run requires approximately 30 minutes and results
in a chart showing the temperature and percentage change in resistance
in the same time base. This system does not have the accuracy of bridge
measurements, but does serve to establish trend and identify gross tem-
perature-sensitive characteristics with a good degree of precision. It

does so at a great saving in test time.

2.3.4 Temperature Stability

The test used for temperature stability is a simple storage test of
100 hours at 145°C. The only equipment required is a laboratory oven.
Resistance is measured by a bridge at room temperature before and after

the runs.

12
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2.3.5 Moisture Stability

The test used for moisture stability is storage for 48 hours at 100%
humidity and room temperature. A constant vapor pressure solu-

tion with an equilibrium at 100% humidity is used.

2.4 RAW TEST DATA

The bulk of the data referred to in this section consists primarily of
tables of raw or slightly reduced test data. FEach table is organized
chronologically in the order of sample preparation. Only a fraction
of the available samples were subjected to any given test. These
samples were selected on a basis of the parameter being studied at
the time. A total evaluation of all samples for all parameters would

have far exceeded the funded scope of the present contract.

2.4.1 Resistance and Uniformity

The raw resistance data is given in Table I. These data have been
reduced to show mean and median values. Numerical and percentage

deviations from these values are shown.

2.4.2 Current Noise

The measured data for the calculation of current noise is given in
Table II. These dataagrefor a 28 cycle bandwidth. The data are later

presented in a converted form which gives noise per decade. (See Table VI). -

2.4.3 Temperature Coefficient

These data are presented in Table III. The original data were in terms

of millivolts for both temperature and resistance change. These figures
have been converted to a temperature span in degrees centigrade, per-

cent change in resistance for that span, temperature coefficient of resis-
tance in parts per million per degree centigrade. All of the data presented
in this table are from room temperature upward. A few isolated samples
were tested from room temperature down to -30°C in order to prove the

operating range. Representative values of TCR for the negative range

13




are 52 ppm/°C for 100 ohms/square resistance and 105 ppm/°C for

1000 ohms/square resistance.

2.4.4 Temperature Stability

Table IV gives readings taken by a bridge before and after the 100 hour
thermal stressing of selected samples. These values have been pro-

cessed to give the delta R and percent change columns.

2.4.5 Moisture Stability

Bridge measurements, values of delta R and percent change of resistance

are given in Table V for the moisture tests.

2.5 EVALUATION OF TEST DATA VERSUS DESIGN GOALS

The purpose of this program was to determine the feasibility of using

the cold substrate deposition process to prepare passive devices (resistors
and capacitors) for thin film circuitry. In this section, the results ob-
tained are discussed in terms of the design goals. The design goals are

listed in Appendix 1.

2.5.1 Sheet Resistance

The sheet resistance specification states that resistors shall be fabricated
in the 102 , 103 , 104 and 105 ohms per square ranges. Resistors were
prepared for all four ranges and specific design goals for these are dis-

cussed in the following paragraphs of Section 2. 5.

2.5.2 Temperature Coefficient

The design goal of less than 100 PPM/°C for TCR was met for both 10‘2

ohms per square and 103 ohms per square, specific examples being
substrates 66A16 and 66A17. It was not met for 104 ohms per square

and 105 ohms per square. The best value obtained for lO4 ohms per
square was -476 PPM/°C on substrate 66A45. Values for high resistance
devices ranging from -476 to -833 PPM/°C are given in Table IIIL.
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2.5.3 Operating Temperature

Samples of all four values of sheet resistance have been evaluated
between -30 and +145°C. These samples have been run at these

temperatures under light load, and have been returned to room tem-

z 1.

perature. None of the devices failed, thereby fu

y

temperature design goal for this program.

2.5.4 Adjustment of Resistor Values

The adjustment made on the low resistance sample, as described
in Section 2.1.6, could have been made on a sample of any sheet
resistance, since it is a matter of geometry only. The four resis-
tors on this substrate (No. 66A12) prior to adjustment were 66. 2,
67.3, 67.3 and 64.2 ohms. The target value selected was 70 ohms.
The result was + 0. 12% from a median of 69.9 ohms. The final
adjustment could have been carried slightly further to an estimate
70 ohms + 0.1%. This fulfills the design goal of +1% regarding

adjustment of individual resistors.

2.5.5 Current Noise

Noise requirements were fully met for resistors having sheet resis-
tances of 102 and 103 ohms per square (for instance substrates 66Al4,
66A16, 66A17, and 66A46). The best noise value attained for a sheet
resistance in excess of 104 ohms per square was -24.5 db on substrate
66A75 (1), which very nearly meets the design goal of 25 db. Noise
figures for devices having a sheet resistance of 105 ohms per square

or more fell short of the design.

2.5.6 Nominal Value

This parameter is more difficult to meet at the higher values of re-
sistance than for lO2 and 103 ohms per square (see data in Table I for
substrates 66A16, 66A29, 66A17 and 66A23); it has been met for more
than one substrate of each of these two values, all resistors on the

substrate being well within tolerance. For 104 ohms per square it has
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been met for three resistors on a substrate in several instances.
Suitable resistance spreads for resistors, slightly in excess of

104 ohms per square, have been attained for all four resistors on
a substrate. The best example of 102 ohms per square is substrate

66Ab55 which missed meeting the + 10% criterion

by 0.1% for on

resistor. The other three were all within tolerance of 102 ohms
+ 10%. The best spread on a resistor substrate in excess of 10°

ohms per square (actually 1.6 X 10°) was + 3. 6%.

The resistance monitoring system used for this program was set
up with a manual link for shutter control. Using manual control,
it was possible to reach monitor values well within + 10% of the

desired value in most instances. For any type of production run,

an automatic linkage would be installed.

Using the manual link, it was possible to deposit individual resis-
tors, within the + 10% design goal for all ranges. Using an
automatic link, it should be possible to repeat values to + 1%,

since there is a variable operator reaction time when the manual link
is used, and since deposition times are very short. The apparant
discrepencies between the target value and the monitor value for
many specimens listed in Tablelarea consequence of the operator

reaction time variable.

2.5.7 Temperature Stability

This design goal specifies a temperatue stability of + 2% . The test
conditions were 100 hours at 145°C. The goal was met for 102 and
103 ohms per square resistors (for example, substrates 66A05 and

66A17), but was not met for 104 and 102 ohms per square resistors.

2.5.8 Moisture Stability

The moisture stability goal of + 1% has been met for resistors of

all four ranges. Many resistors evaluated displayed negligible change
(considerably less than 0.1%). The samples were subjected to 100%
relative humidity at room temperature for 48 hours. This is largely

a test of the integrity of the protective coating. For exact values, note

the data on substrate 0411C, 66A49, 66A41, and 66A52 inTable V.
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TABLE 1I

Noise Data

Sample System Noise Total Noise DC Voltage R Load
Number (HV) (uV) (Volts) (Ohms)
0411C 1*  0.06 0.07 3.6 1,100
(102 )% 2 0.06 0.068 3.5 1,100
3 0.06 0.072 3.6 1,100
4 0.06 0.083 3.6 1,100
0411D 1 0.06 0.062 6.0 1,100
(102) 2 0. 06 0. 066 6.0 1,100
3 0.06 0.068 6.0 1,100
4 0.06 0.07 6.0 1,100
66A06 1 0.058 0. 068 3.5 1,100
(102) 2 0.059 0. 064 3,2 1,100
3 0.059 0.07 3.2 1,100
4 0.058 0.068 3.4 1,100
66A04 1 0.058 0.070 4.0 1,100
(10%) 2 0.058 0.087 4.4 1,100
3 0.058 0.100 4.5 1,100
4 0.058 0.100 4.0 1,100
66A05 1 0.058 0. 066 4.5 1,100
(102) 2 0.058 0. 085 3.2 1,100
3 0.060 0.087 3.4 1,100
4 0.060 0.063 5.3 1,100
66A01 1 0. 06 0.08 1.7 1,100
(104) 2 0.06 0. 068 2.6 1,100
3 0.058 0.062 5.4 1,100
4 0.058 0.065 5.2 1,100
66A16 1 0.115 0.115 3.8 1,100
(102) 2 0.115 0.115 4.0 1,100
3 0.115 0.120 3.8 1,100
4 0.110 0.110 3.7 1,100

Four resistors per substrate.
*% Sheet resistance range:



Table II cont.
Sample System Noise  Total Noise DC Voltage R Load
Number (uV) (V) (Volts) {Ohms)
66A20 1 0.110 0.110 3.6 1,100
(102) 2 0.110 0.110 3.8 1,100
3 0.110 0.110 3.6 1,100
4 0.110 0.110 3.4 1,100
66A14 1 0.085 0. 085 3.8 1,100
(102) 2 0.08 0.08 3.8 1,100
3 0.08 0.08 3.7 1,100
4 0.08 0.08 3.3 1,100
66A17 1 0.0 65 0. 065 10 10, 000
(103) 2 0.067 0.067 10 10,000
3 0.067 0.070 10 10,000
4 0.067 0.072 10 10, 000
66A23 1 0.13 4, 6 1,100
(103) 2 0.125 6.0 5 1,100
3 0.125 55 5 1,100
4 0.125 35 5 1,100
66A29 1 0.11 0.15 3.5 1,100
(102) 2 0.11 0.135 3.5 1,100
3 0.11 0.12 3.5 1,100
4 0.11 0.112 3.5 1,100
66A48 1 0.06 0. 08 4.6 1,100
(10%) 2 0.06 0.075 4.5 1,100
3 0.06 0.072 4.5 1,100
4 0.06 0.07 4.5 1,100
66A46 1 0.12 0.12 9 1,100
(103) 2 0.11 0.14 9 1,100
3 0.115 0.115 9 1,100
4 0.115 0.12 9 1,100
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Table II cont.

Sample System Noise Total Noise DC Voltage R Load
Number (uV) (V) (Volts) (Ohms)
66A41 1 0.1 0.55 3.0 10,000
(10%) 2 0.1 1 4.0 10,000
3 0.1 0. 3.0 10, 000
4 0.1 0. 3.0 10, 000
66A45 1 0.1 3.7 4.0 10,000
(10%) 2 0.1 6 4.0 10,000
3 0.1 2.3 3.0 10,000
4 0.1 2.2 3.0 10,000
66A54 ] 0.1 3.6 0.75 100, 000
(105) 2 0.1 5.0 0.75 100, 000
3 0.1 7.5 0.75 100, 000
4 0.1 2.3 0.75 100, 000
66463 1 0.1 0.63 4 10,000
(10%) 2 0.1 0.48 4 10,000
3 0.1 0.68 4 10, 000
4 0.1 0. 64 4 10, 000
66A64 1 0.07 0.26 1.0 10,000
(10%) 2 0.07 0.62 1.0 10,000
3 0.07 0.95 1.0 10,000
4 0.07 0.28 1.0 10,000
66A71 1 0.065 0.11 10 10,000
(103) 2 0.065 0.115 10 10,000
3 0.065 0.10 10 10,000
4 0.065 0.10 10 10, 000
66AT2 1 0.065 0.27 10 10, 000
(10%) 2 0.065 >] 10 10,000
3 0.065 0.18 10 10, 000
4 0.065 0.185 10 10,000
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Sample
66AT3

(104)

66A75
(104)

Number

(1)

D W

Table II

cont.

System Noise Total Noise DC Voltage R Load
(V) (u V) (Volts) (Ohms)
0.0065 >1 10 10,000
0.065 0.84 10 10,000

0.065 0.55 10 10,000
0.065 0.85 10 10,000

0.22 0.37 30 10, 000

0.23 0.30 40 10,000

0.23 0.32 50 10,000

0.22 0.29 40 10,000
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TABLE III

Temperature Coefficient of Resistance

Sample To Change in
Number Temperature Span (°C)** Resistance PPM/°C
0411D 1 71 0.48 69
(10%)= 3 80 0.48 60
66A06 1 76 0.36 47
2 79 0. 64 81
66A04 3 78 0.40 51
(102)
66A05 1 77 0.72 94
(102) 3 80 0. 66 83
66A01 1 67 1.0 150
(102) 4 82 0.56 68
66A16 1 122 1.04 87
(10%) 2 120 1.24 103
3 122 0.70 58
4 119 0. 54 45
66A20 1 122 1.1 90
(102) 2 120 1.14 95
3 78 0.54 70
4 128 0.70 55
66A14 1 78 1. 04 133
(102) 2 115 1.12 97
3 73 1.2 167
4 17 1.12 96
66A17 1 78 0.88 113
(103) 2 124 1.0 81
3 127 1.08 85
4 124 1.00 81

PO%
b3

Sheet resistance range.

e sk
b

The temperature span (initial value is room temperature and
final value is an elevated temperature) over which the % change
in resistance was measured,.
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Sample

Number

66A23
(103)

66A29
(10%)

66A41
(10%)

66A45
(10%)

—

W N = W

[

Table III cont.

Temperature Span (°C)

% Change in
Resistance

51
72
73

121
122
117
125

21
15

13
12

0.58
0.96

o O O O o

[

.98

.74
. 54
.46
.58

.0
.95

pPM/°C

114
134
134

60
44
39
46

476
635

770
833
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Sample
Number

0411C
(102):,‘<>::

0411D
(10%)

66A06
(10%)

66A04
(10%)

66A05
(10%)

66A01
(10%)

66A14
(10%)

—
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TABLE IV

Temperature Stability
(100 hours at 145°C)

Before

116.0 ohms
113.9
119.6
120.9

128.
127.
123.
136.

o« U~ b

114,
107.
104.
109.

x o o~ =

86.0
100.1
105.3
87.7

112.4
107.1
111.9
117,

U

111.
106.
112.
113.

LS ® A NN R SN

90.0
95. 2
95. 6
85.5

After

114,2
111.8
116.5
118.5

127.
126,
122.
123.

QO U Vv

114.
109.
106.
110.

o O O U,

83.8
95.0
98.2
85.4

112.5
107.5
111.5
117.4

109.0
104.5
110.0
110.5

90.0
94.8
95.4
85.2

Four resistors per substrate.

** Range.

ohms

&R

-1

-2.
-3.
-2.

-1.
~1.
-1.
-3,

+0.
+1.
+1.
+0.

-2.
-5.
-7.
-2.

-0.
+0.
-0.
-0.

R

. 8 ohms

1
1
4

e RS O - N OV T « <H SR ST O N o T = T i

W

% Chan ge

-1.
-1,
-2.
-2.

-0.
-1.
-0.
-2.

+0.
+1.
+1.
+0.

-3.
-5.
-6.
-2.

-0.
+0.
-0.
-0.

O N = W N = W NN ® O OO W,

[ S S

o V=V
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Sample

Number

66A17
3
(107)

66A23
(10%)

66A46
(10°)

Table IV

Before

987
940
990
1054

1021
1001
1080
1020

890
932
810
751

cont.

After

1007

958
1000
1070

1182
1320
1420
1650

858
890
778
724

AR

+20
+18
+10
+16

+161
+319
+340
+630

-32
-42
-32
-28

. % Change

[a¥]
o

—
[o2N > T ¢]

16.1
31.9
34
63
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Sample

Number

0411C
(102 )%

66A23
(10°)

66A37
uo3)

66A48
(10%)

66%49
(10°)

66A41
(10%)

66AH52
(10%)

RN AW NN~

> W v

TABLE V

Moisture St ability
(48 hours, 100% relative humidity, room temperature)

Before After
113.8ohms 114.3
112.2 112.0
116, 7 116.8
118.4 118.4
982. 8 984. 7
992. 6 998. 0
1066. 7 1087.0
968. 5 980. 5
980 980
1700 1100
720 720
768 773
146.1 146.2
146.1 146.3
144.8 145.1
147.6 147.7
1044 1044
1245 1245
1010 1010
927 928
7,686 7, 790
16, 820 17,005
9, 637 9,715
8,863 9,149
105,210 109, 200
74, 260 75, 800
93, 300 93,100
660, 000 656, 000

Four resistors per substrate.

.

*#* Range.

ohms

+1.9
+5.4
+20.3
+12.0

-0 -
-600
-0 -
+5.0

+0.
+0.
+0.
+0.

—_ W N

-0 -
-0 -
-0 -
-0 -

+104
+185
+78

+286

+3,990
+1, 540
-200

-4,000

% Change

+0.
-0.
-0.
-0

+0.
+0.
+1.
+1.

-0

4
2
1

2
5

9
2

-35.0

-0
+0.

+0.
+0.
+0.
+0.

-0
-0
-0
-0

+1.
+1.
+0.
+3.

+3.
+2.
-0.
-0.

- N N

N =

o~ DN o —
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TABLE VI
Current Noise - Calculated Values (per decade)
Sample Noise, db, Index Sample Noise, db, Index
Number 1 yvolt per volt Number ' 1 4 volt per volt
0411C 1% -25 66A20 1 -37.3
(102 )% 2 -25 (102) 2 -36.8
3 -24 3 -37.3
4 -30 4 -35.8
0411D 1 -36 6 6Al4 1 -36.8
(102) 2 =31 (102) 2 -36.8
3 -30 3 -36.6
4 -30 4 -35.9
66A06 1 -24 66A17 1 < -45
(102) 2 _27 (103) 2 <_-45
3 -23 3 -39
4 -24 4 -34
66A04 1 -25 66A23 1 +6
(102) 2 -21 (103) 2 -0. 44
3 -19 3 +1. 8
4 -18 4 +8.8
66A05 1 -28 66A29 1 -16
(102) 2 -19 ( 102) 2 -18
3 -19 3 _21
4 -34 4 -25
66A01 1 -14.5 66A48 1 -23
(10%) 2 -22.7 (102) 2 -25
3 -32 3 -25
4 -29 4 -27
66A16 1 -35 66A46 1 -44.7
(102) 2 32 (103) 2 -29.4
3 -34.5 3 -28.6
4 -28.7 4 -40. 4

% Four resistors per substrate.

*% Range.




t

Table VI cont,

Sample Noise, db, Index Sample Noise, db, Index
Number 1 4 volt per volt Number 1 pvolt per volt
66A41 1 +48 66AT71 1 -23
(10%) 2 +10 (103) 2 -22.8
3 +6.8 3 -24.9
4 +5.1 4 -24.8
66A45 1 +19 66A72 1 -11. 6
(10%) 2 +29 (10%) 2 -0.36
3 +18 3 -15.5
4 +18 4 -14-2
66A54 1 +36.4 66A73 1 -1.4
(10°) 2 +39.6 (10%) 2 4.5
3 +41 3 -7.8
4 +33.2 4 -2.9
66A63 1 +3 66A75(1) 1 -14.3
(10%) 2 +1.1 (104) 2 -23.6
3 +4.2 3 -24.5
4 +3.5 4 -19.6
66A64 1 +6.8
(104 2 +15.3
3 +18.9
4 +7.5
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3.0 CAPACITORS

This section describes the steps taken in the fabrication, by cold
substrate deposition, of multiple capacitors of silicon monoxide

on a single substrate. The materials involved and the type equipment
employed for fabrication, control and test are considered in detail.
All significant raw data are tabulated. Finally, an evaluation is pre-
sented of the results achieved, as verified by the test data, versus

the design goals as summarized in Appendix I.

3.1 FABRICATION PROCEDURES

Two methods of capacitor fabrication were used for this program.

Both methods are forms of the cold substrate deposition process.

In one case, thermal evaporation was by electron beam heating; in

the other case thermal evaporation was by means of resistance heating.
Procedures for both methods are outlined. A typical capacitor sub-

strate is shown in Figure 2 on page 5 .

3.1.1 Fabrication With Electron Beam Heating

The basic techniques used for this form of fabrication are those pre-
viously described for preparing resistors. There are some minor

modifications and, of course, the sequence of operations is different.

3.1.1.1 Base Electrode Deposition

The base electrode used for capacitors was titanium-nickel. The
titanium was a thin flash (12-15 seconds); the nickel was relatively
thin (10 minutes maximum). Substrate preparation must be very
thorough for capacitors, as any roughtness or adhering material can
cause a defect in the dielectric layer. All substrates were therefore

examined closely before and after the deposition and etching steps.

The procedure used was:

1. Clean and prepare substrates
2. Mount substrates and pump-down system
3. Evaporate SiO layer
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Vent and clean system
Evaporate titanium

Evaporate nickel

N I e AT O ) BN

Vent and remove substrates

3.1.1.2 DBase Electrode Definition

The procedure used for base electrode definition was the same as
that used for conductor definition of resistors. The exact steps of
this form of definition are the same as the titanium-nickel case given

in Section 2.1.2. The removal of the titanium in the etched areas is

even more critical for this application than for resistors.

3.1.1.3 Dielectric Definition

The only definition required in the dielectric layer is to facilitate
electrical connection to the base electrodes. This is not necessarily
a high resolution masking. Both rejection and mechanical masking
were used for this step. The rejection masking procedure used is
the one previously described in Section 2.1.3. Mechanical masking
is performed using glass masks to shadow an area on the bottom
electrodes for later electrical contact. These masks are aligned

while mounting the substrates in the substrate holder.

3.1.1.4 Dielectric and Counter Electrode Deposition

The dielectric layer is SiO, deposited through a rotating sector mask.
The thickness of deposit is monitored with a crystal-frequency moni-

tor.

It has been found that layered evaporation of the SiO provides a better
dielectric. The procedure is to pump down, heat the SiO until evapora-
tion starts, open the shutter, and then vary the e-beam current in a
cyclic manner to start and stop SiO evaporation. When the monitor cut-

off point is reached, the shutter is closed.

The counter electrode is nickel only, and is deposited directly on the

SiO without delay or exposure to atmosphere. The SiO is cooled, the
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gun changed to the nickel crucible, and the nickel is briefly out-

gassed. The shutter is then opened and the nickel layer is deposited.

3.1.1.5 Counter Electrode Definition

The counter electrodes are defined by a photoetch procedure similar
to that uscd for base electrode definition. In this case, the only
etchant used is ferric chloride. The hydrofluoric acid etch is not
necessary and is eliminated to avoid degradation of the dielectric

layer.

3.1.1.6 Trimming

Trimming to reduce capacitance is by selected area etching of the
top electrode. This is rather straight forward, and is the same

etch as for the original counter electrode definition.

3.1.2 Fabrication with Resistance Heating

A series of capacitors was prepared by the use of resistance heat-
ing. This was done in another vacuum station. The substrate used
was Corning 9059 glass. The electrode material was aluminum,

and the dielectric was SiO.

The electrodes for this series of capacitors were defined by means
of metal contact masks. The base electrodes were aluminum applied

by cold substrate deposition.

The dielectric layer for these capacitors was SiO deposited from a
molecular furnace, Cyclic evaporation, as described in Section

3.1.1, was used to depodsit the SiO to obtain a better dielectric layer.

The counter electrodes for these capacitors was aluminum. This

deposition was also performed using mechanical masks.

3.2 EQUIPMENT AND MATERIALS FOR FABRICATION

Two different equipment configurations were employed for capacitor

fabrication. One was the electron beam station described in Section

46



2.2.2. For capacitor fabrication this was used in conjunction with

a crystal frequency monitor which was fabricated at Librascope.

The other station was an 18-inch bell jar station with a 6-inch NRC
pump and liquid nitrogen baffle. This station was equipped with
an Edwards optical monitor and with Librascope Cold Substrate
Deposition apparatus. Tungsten filaments were used tor aluminum

evaporation and a baffled boat source for silicon monoxide evaporation.

The materials utilized for capacitor fabrication by electron beam
evaporation were all from the group described under materials for
resistor fabrication (Section 2.2.1); viz., titanium, nickel, silicon

monoxide, and American Lava substrates.

In the resistance heating station, evaporation grade aluminum was
used for capacitor electrodes, and in this case, Corning 7059 glass

as the substrate material.

3.3 TEST EQUIPMENT AND PROCEDURES

This section outlines the test equipment and procedures employed to
determine the characteristics and performance of the thin film cap-

acitors.

3.3.1 Capacitance and Dissipation Factor

Values of capacitance and dissipation factor were checked using the
ESI bridge (model 240 DA). The bridge oscillator was consistently

set at a peak output of 3 volts for these tests.

3.3.2 Temperature Coefficient

Temperature coefficient tests were conducted with the ESI bridge and
a laboratory oven. The tests were not of a dynamic type because of
the necessity of manual adjustment of the bridge. Therefore, this
operation consisted of taking measurements after temperature stabili-

zation at a series of temperature points.

47




L]

3.3.3 Stability

To evaluate stability, the specimens were subjected to 1450C for
100 hours. The equipment was a laboratory oven, and the ESI
bridge for before-and-after measurements of capacitance and dissi-

T

patiion [actor. The devices were alse checked for breakdown voltage

)]

as described in Section 3. 3.5.

3.3.4 Working Voltage

In this program, working voltage is defined as one-half the break-
down voltage. This definition is discussed in the following section.

The test equipment and procedures are likewise discussed there.

3.3.5 Breakdown Voltage

During the course of this program, the various methods of establishing
voltage specifications for capacitors and dielectric films were scrutin-
ized. In so doing, two definitions of working voltage are apparent. One
is based on device survival. In this case, the working voltage is defined
as the voltage stress level under which the device will remain stable for
a long period of time. Because of the time duration limitations of this
program, is was elected not to use this definition as the criterion, but to
select the following definition; namely, that the working voltage is one-

half the breakdown voltage.
Three methods were employed in investigating the breakdown voltage;

(L) The sample was subjected to a full-wave rectified voltage
from a Tektronix 575 CRO. The scope image was monitored

for breakdown spikes as the voltage was increased.

(2) This test involved the application of a 100 volt pulse. This
was applied through an R-C network with a discharge circuit
time-constant of 70 milliseconds. The steady state voltage
of the circuit was 50 volts. The applied voltage was there-
fore a 100 volt pulse, which dropped to a steady 50 volts and

remained on the device under test.
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{3) This method applied a non-ohmic conduction criterion. The
capacitor was subjected to a slowly rising voltage from a
saw-tooth function generator. The d-c current through the
specimen was measured and the current plotted‘against voltage
on an X-Y plotter. The voltage at which non-ohmic conduction

WA
[

egan was rcad from the

lot.

Measurements of all three types were performed on selected samples
and comments are accordingly presented (in a later section) in evalua-
ting the capacitors in terms of the design goals. The third method,

however, was considered to be the most severe test.

The breakdown voltage in this third context would be defined as ''that
voltage at which non-ohmic d-c conduction processes begin to occur."
In that the onset of non-ohmic d-c conduction occurs somewhat below
the point where irreversible changes in the dielectric take place (cata-
strophic failure), this value is interpreted as a stringent characteriza-
tion of breakdown voltage. Referring to Table IX, one observes that in
some instances a voltage range, rather than a single voltage, is given.
This is a consequence of the lack of an abrupt change in the slope of

the curve (the "knee') in these cases.

The equipment for the third test method consisted of a Tektronix
5 7 5 scope {sawtooth output), an electronic microammeter, and a

Librascope X-Y plotter.

3.4 RAW TEST DATA

This section consists of short discussions and comments on raw test

data obtained from capacitor samples.

3.4.1 Capacitance and Dissipation Factor

Table VII lists capacitance and dissipation factor data for all capaci-
tors prepared during this program. Those devices which were shorted

during fabrication are so labeled.

3.4.2 Temperature Coefficient of Capacitance

An anomaly of capacitance variation with temperature was found during
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the first heating and cooling cycle of these devices. The capacitance
values gave an open loop on a plot of capacitance versus temperature.
Beginning and ending values at 25°C were the same within limits of
measurement error. The rising and descending branches of the curves
closed in the range of 75°C to 100°C but, at 50°C, the rising temperature
branch showed a capacitance typically 5 to 6% less than capacitance on
the decreasing temperature branch. This open loop effect appears to
be related to some permanent form of dielectric stabilization (aging),
since it appeared only on the first high temperature TCC run. On a
second TCC run all devices tested showed a single branch curve with
the decreasing temperature branch falling within experimental error

of the rising temperature branch. Table VIiIIshows the TCC value for
two devices on substrate 66C04. All devices on this substrate displayed

this general TCC behavior.
3.4.3 Stability

Substrate 66C04 was subjected to 100 hours at 145°C. Capacitance
values, measured after the test, showed a reduction of capacitance
which averaged 5%. Dissipation factor dropped to about 1/2 the initial

value. There was no measureable change in breakdown voltage.

3.4.4 Working Voltage

On the basis of the commencement of non-ohmic conduction, the
capacitors on substrate 66C04 are rated at a working voltage between
15 and 30 volts. These same capacitors have all withstood a 100 volt
pulse test, and have endured a continuous 50 volt d-c stressing for
about 15 minutes, The evidence indicates that there are no destructuve

breakdown phenomona below 50 volts.

3.4.5 Breakdown Voltage

The devices on 66C04 and on several of the 66B series substrates were
subjected to the 100 volt pulse test without degradation. These devices
were also run on the X-Y plotter to determine the onset of non-ohmic

conduction. Table IX shows results of tests on five of the devices on
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substrate 66C04. Several of the 66B devices were also checked
on the Tektronix 575 CRO, and survived 100 volt peak test with-

out indication of destructive breakdown.

3.5 EVALUATION OF TEST DATA VERSUS DESIGN GOALS

The material in this section covers the comparison between resuits
achieved and the goals set for the program with regard to capaci-
tors. The extent by which goals were exceeded, and the extent by
which goals were missed are both indicated. Further discussion

of the factors involved is given in Section 4. 2.

3.5.1 Capacitors

The preparation of capacitors having a capacitance of 60,000 pico-
farads per square inch was successfully completed. Substrates
66B05 and 66C04 are examples covering the desired range of capa-
citance. Other samples having capacitance as high as 2,000, 000
pf/in2 were prepared. Because of the inherent dielectric strength
limitation of the material used, these very high value capacitors

did not approach desired voltage characteristics.

3.5.2 Temperature Coefficient

The devices tested for temperature coefficient on substrate 66C04
exceeded the goal of 300 ppm per °C. These devices had TCC values
of the order of 260 to 270 ppm per °C. Some other devices tested
(on different substrates) had TCC values as high as 900 ppm per °c.

3.5.3 Stability

The temperature stability goal of +2 to 3% was not met. The best
samples showed a reduction in capacitance of about 4.5% after 100
hours at 145°C. The average change on substrate 66C04 was a
reduction of 5% in capacitance. Dissipation factor changed favorably

during aging, reducing to about one-half of its initial value.
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3.5.4 Working Voltage

By the criterion of the capacitor being able to withstand a sustained
application of d-c voltage, the design goal of 50 volts was met by a
large number of the devices. If the criterion taken is that working
voltage is one-half the voltage at which non-ohmic conduction processes
begin to occur, the 50 volt goal was not achieved. For example,
several devices on substrate 66B06 (45, 000 pf/inz) remained intact
after extensive leakage measurements up to 100 volts D.C., and the
devices on 66C03 were capable of withstanding a stress of 50 volts for
an extended period of time, but no devices tested remained completely

ohmic to the 100 volt level.

3.5.5 Breakdown Voltage

The design goal of a breakdown voltage of 100 volts D.C. for a capa-
citor of 60, 000 pf/in2 was met by the pulse 100 volt D. C. test. However,
no capacitors of this value were fabrication which proved capable of
reaching a stress of 100 volts without the onset of non-ohmic conduction
processes. Many devices of the order to 45,000 pf/inZ which would
survive 100 volt stressing during leakage tests were prepared. Also,
samples such as 66C04 and 66B05 were capable of withstanding various

forms of short term 100 volt stressing.

3.5.6 Adjustment

Selective etch back of top capacitor electrodes to adjust capacitor
samples to a spread of less than + 1% is exceedingly laborious. This
method of post-adjustment of capacitors is not recommended for a

production technique, but can be done on a laboratory basis.

3.5.7. Nominal Value

The design goal of deposition to a specified value (60, 000 pf/inZ ) +10%
was met. A specific example is substrate 66C04 which ranged from
56,500 pf/in® to 61, 700 pf/2 as deposited.
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3.5.8 Figure of Merit

6 V—f/in2 . Interpre-

The design goal was a figure of merit of 6 X 10"
tation of the achievement of this goal is subject to the particular
breakdown voltage criterion applied. On the basis of a device surviving
a given voltage stressing of short duration, and having a given capaci-

tance, where the product of voltage and capacitance is in excess of

6 X 10-6, this was met by 66C03-1 with a figure of merit of 6.05 X 10"
V-F/in2 . On a basis of the onset of non-ohmic conduction, the best
values are of the order of 3 X 10-6 V-f/inz.

6
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TABLE VII

Capacitance and Dissipation Factor

Sample 5
Number Pf/device (9Imm"™)

Dissipation Factor

Pf/inz

66B01 1 shorted
2 900
3 820
4 shorted
5 800
6 800

66B02 1 shorted
2 shorted
3 shorted
4 shorted
5 shorted
6 shorted

66B03 shorted
shorted
shorted
shorted

shorted

o~ U WY

shorted

66B04 1 shorted
2 15,000
3 4,000
4 1,300
5 10,000
6 500

Six capacitors per substrate,

0.46
0.33

0.24
0.20

.01

.14

O = O =

.19

63,400
58, 600

57,200
57,200

1,700,000
286,000
930, 000
715,000

35,800
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' Table VII  cont.
I Sample > o
Number Pf/device {(9mm"™) Dissipation Factor
i
66B05 1 997 0.15
I 2 987 0.14
3 930 0.08
4 330 C.08
I 940 0.08
6 947 0.08
l 66B06 1 lead open
2 630 0.11
l 3 shorted
4 lead open
' 5 630 0.11
6 shorted
I 66B07 l 635 0.05
2 605 0.05
I 3 503 0.06
4 589 0.05
I 5 603 0.05
6 617 0.05
I 66B08 1 301 0.08
2 551 0.08
l 3 545 0.08
4 520 0.08
l 5 547 0.08
6 557 0.08
I 66B09 1 567 0.07
2 556 0.07
l 3 558 0.07
4 547 0.07
I 5 548 0.07
6 560 0.07
i
i

Pf/inz

70, 800
70,100
66, 000
66, 000
66, 600
67,200

45,000

45, 000

44,700
43,200
42,500
42,100
43,100
44,100

21,600
39,500
39,000
37,200
39,200
39,900

40, 600
39,800
40, 000
39,200
39,200
40,000

55




B

Sample

Number

66B10

66CO01

66C02

66CO03

66C04

(o2 NS 2 B S U R N o R W N e o~ U W v~ [« XJNNNE BT N UV NV}

oy Ul W W

Table VII

Pf/device(9nnn2)

cont.

Dissipation Factor

604
589
580
576
580
597

shorted
3,275
3,100
2,980
3,140
3,040

shorted
shorted
shorted
shorted
shorted
shorted

1,630
1,690
1,620
1,550
1,610
1,580

810
825
790
833
864
836

o O ©
o
~J

o O O
o O O

. 005
. 004
06
. 006
. 005

o O O O O

. 005
.004
. 005
. 005
. 005
. 005

o O O O O o

0.09
0.06
0.06
0.06
0.06
0.08

Pf/in%

43,100
42,100
41, 500
41,300
41,500
42,700

234,000
222,000
214,000
224,000
217,000

116,500
121,000
116,000
111,000
115,000
113,000

58, 000
59, 000
56, 500
59, 500
61, 700
59, 800
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Sample

Number

66CO05

66C06

66C07

o

[€)]

Table VII

Pf/device (9mm?)

shorted
7,320
shorted
shorted
7,810
7,600

3,500
3,680
3,620
3,800
3,840
3,550

30,000
40,000
37,000
34,000
33,000
28,000

cont.

Dissipation Factor

.02

0.02
0.02

O O O © O O

o O O ©O o ©

.04
.04
. 04
.07
.06
.06

.63
.76
. 68
.67
.67
.70

Pf/in2

524,000

559, 000
544,000

245,000
263,000
259,000
272,000
274,000
254,000

2,140,000
2,860,000
2,640, 000
2,430,000
2,360,000
2,000,000
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TABLE VIII

Temperature Coefficient of

Capacitance

Six capacitors per substrate.

*% 25°C to 100°C.

Sample Temperature Capacitance
Number Change(°C) Change (Pf)
66C04 5% 75 %% 17.2

6 75 17.2

TCC(PPM/°C)

262

271
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TABLE IX

Breakdown Voltage
Onset of any Non-Ohmic Conduction

Uncertainty Band (Volts)

Sample
Number . Bottom
66C04 1* 47 volts
2 38
4 30
5 35

st
s

Six capacitors per substrate,

Top

60 volts
48
30
45
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4.0 ANALYSIS OF TEST DATA

The test data gained during the course of this program has indicated
the nature of a number of basic phenomona. The discussion of these
indications has been compiled in Section 4.1 and 4.2. These sections
£ .

O1L Te€sis

4

cover the aspect

respectively.

4.1 RESISTORS

During the course of this program, three major areas of relationship
with regard to resistor properties have been isolated. These are
composition (specifically with regard to oxygen content of a metal
film), structure of the resistive film and geometry of the film (pri-
marily in terms of thickness). The relationships involved give some
indication of the ultimate parameter limits which can be reached in

the fabrication of metallic thin film resistors.

4.1.1 Composition and Properties

When high resistance devices were being fabricated and tested, a
relationship between the factor of residual oxygen and moisture in

the system and thermal noise of the resistors was noted. Steps were
taken to control and measure these residuals, with a subsequent
reduction in the noise of high value resistors. The present hypothesis
is that oxygen inclusion in the resistive films forms barriers through
which conduction occurs by non-ohmic processes. The processes
involved also contribute to the negative TCR. These non-ohmic pro-
cesses are of a statistical nature, giving rise to random conduction
bursts. This means that any sample with a large oxygen inclusion
content will be noisy. The hypothesis definitely checks against experi-

mental data with regard to noise.

4.1.2 Structure and Properties

It has been hypothesized that the cold substrate deposition process

forms films which are continuous at very small thicknesses. The
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island structure of thin films formed by conventional deposition
techniques has been suggested as a basis for noise and negative
temperature coefficients of resistance. A dependence of TCR on

point defects in the metal films has also been hypothesized. This

is cited by R.E. Thun, etal, on page 183 of Microelectronics,

Theory Design and Fabrication (edited by Edward Keonjian, McGraw-
Hill, N.Y., 1963). It appears that cold substrate deposition can be
used to achieve optimum structure for resistors and thereby extend

the useful range of resistances.

4.1.3 Geometry and Properties

Metallic resistive films, having thickness of the order of one electron
mean free path, exhibit properties considerably different from those
of the bulk metals. The cold substrate deposition process does not
have an effect upon this, except in the case of structure-sensitive
parameters. The very thin films are normally quite structurally

sensitive, however, and it appears that the cold substrate process

forms films which are more stable than conventionally deposited films,

4,1.4 Ultimate Limits

The ultimate limits of sheet resistance of thin film resistors which
have satisfactory operating parameters appear to be on the order of
10° ohms per square. This limit depends on the development of
techniques which avoid the possibilities of island formation, oxygen
inclusion, and environmental modification of structure. With such
techniques, it should be possible to form resistors having TCR values
of the order of 100 PPM/°C, current noise of the order of -25 db to
an index of one microvolt per volt, and which are stable over long
operating times under environmental conditions. This will require
that the resistors are, in effect, sealed as they are formed and that
a high degree of control is exercised on the formation environment,
There should be no difficulty in preparing such resistorstoa + 1%

tolerance without trimming.
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4.2 CAPACITORS

Major relationships between the properties of capacitors and the
three parameters (composition, structure and geometry) for the
dielectric layer are apparent. These parameters control the

quality and the figure of merit of capacitors.

4.2.1 Dielectric Composition and Properties

The dielectric layer material used in this program was silicon
monoxide. From some aspects, this is an excellent material to
work with., From others, it is one of the poorer materials. SiO
has a fair dielectric strength (of the order of 2 X 106 V/cm), and

a good dielectric constant for example, 5. However, the dielec-
tric constant is highly sensitive to the state of oxidation of the
silicon and may range from about 4 to about 8. Moisture sensitivity
of silicon oxide dielectrics is also somewhat a function of composi-
tion. These factors mean that the system pressure, residual gas
composition, deposition rate, and source temperature must be
controlled closely in order to produce thin film capacitors repeatedly
from SiO. A precisely repeatable deposition cycle with SiO will give

a good yield of capacitors, but the cycle must be precise.

If a larger product of dielectric constant and dielectric strength is
desired - as might be dictated by the design voltages and capacitances
per unit area for certain applications - materials other than SiO

should be considered. There are other oxide systems, having desirable
stability properties, which should produce a figure of merit at least
twice that attainable by the use of silicon monoxide. An example is a
mixed oxide of dysprosium, boron, and silicon. Systems such as

this offer high capacitance, high working voltage, high temperature
operation, and low temperature coefficient if they are properly formu-

lated. They also present unique problems of fabrication.

4.2.2 Dielectric Structure and Properties

The optimum dielectric layer for capacitor use is an extremely dense
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one. Gross defects such as pinholing obviously can cause shorting.
Other forms of defects can also degrade the dielectric; for example,
lattice vacancies could contribute to tunneling and field ionization
phenomena, both undesirable in the case of capacitors. This does

not mean that, on the ultimate level, one needs or wants a sing

crystal dielectric. Silicon dioxide is an excellent example of a material

which has a higher dielectric strength in the amorphous form than
it has in the crystalline form. The point here is that the ideal
dielectric has no voids, and is in the closest possible packing for

its structure.

4.2.3 Dielectric Geometry and Properties

The noram! capacitance formula applies to film capacitors. There
are some slight deviations as the dielectric films are made very
thin. One of these is an increase in dielectric strength if the very
thin film is nearly perfect. This increase is due primarily to short
range phenomena. Uniformity of dielectric thin films is usually
better on a percentage basis if they are fairly thick. This means
that there will be less opportunity for local breakdown in a thick
dielectric layer. In order to have both high capacitance and a thick
layer, a high dielectric constant material is needed. This returns

the problem to the materials area.

4.2.4. Ultimate Limits

The ultimate limits for thin film capacitors using silicon monoxide
dielectric layers lie somewhere in the vicinity of a hypothetical
capacitor having composite best parameters as obtained under this
contract. The figure of merit limit is of the order of 6 X 10-6
for 100 volt breakdown capacitors, which places the maximum capaci-
tance at about 60,000 pf/inz. To achieve higher values, for example,
a figure of merit of the order of 13 X 1076 V-£f/in% , other material

systems must be considered. The materials system, which will give

V-f/in?%
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such a figure of merit while retaining a low temperature coefficient
of capacitance, very likely will be a mixed oxide system with one
component being of the rare earth family. There is evidence that
such systems will be operable at temperatures well in excess of the

e
erature of present day active devices of the solid
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5.0 RECOMMENDATIONS AND CONCILUSIONS

This program has shown that resistors, with high sheet resistance
and having other desirable characteristics, can be deposited in sets
which have a spread of less than plus or minus one percent, by means
of cold substrate deposition. It has also shown that high capacitance,
low leakage capacitors, having useful working voltages, can be pre-

pared by the same means.

This is only the first step toward the application of cold substrate
deposition to problems of fabrication of microcircuit systems. In
order that the potential advantages of this process may be seen, it

is helpful to provide additional comments about the process, per se.

The process can be conducted in such a manner that tenacious bonding
between evaporant and substrate can be achieved at room ambient
substrate temperatw es for materials which, by conventional means,
must be deposited at substrate temperatures of 150°C to 400°C

in order to ensure adhesion. This inherent feature led to the naming
of the process. Such a feature is attractive, for example, when using
ordinary photoresists for rejection masking. In the case of cold sub-
strate deposition, adhesion of the deposited films is dependent on
chemical bonding. A weak link of a thin film system may be the lack
of either adhesion of one layer to another or cohesion within a single
layer. In either case, for the cold substrate deposition process, the
limiting factor is the strength of the chemical bonding involved. This
may be metallic bonding, covalent bonding, ionic bonding, or any form

of intermediate bonding.

Other benefits inherent in this process include the ability to form very
thin films of high integrity and to provide some control of the structure

of the deposited layer.

With the preceding comments on the cold substrate process in mind,
it becomes possible to formulate logical areas of study which will

lead to the successful solution of problems in microcircuit technology.




5.1 RESISTORS

The areas to be further studied with regard to resistors are the
high-value, small-area devices for hybrid and monolithic circuitry.

Most factors of technology for this type of device can be interchanged

~—

directly between silicon monolithic and glass
Because of the more severe ''real estate' problem with monolithics,

the recommended course is the application of cold substrate

deposition to the fabrication of resistors for silicon integrated cir-

cuits. This will provide a range of resistors having properties presently
not available for monolithic circuit design. The combination of close
tolerances, low TCR, and high sheet resistance makes this area of

attack very attractive.
5.2 CAPACITORS

The present state of the art for capacitors prepared by cold substrate
deposition is near the theroretical limits for silicon monoxide dielectric.
The next stage of development will be to utilize other dielectric materials.
It appears advantageous to do this for silicon integrated circuits for the

same reasons that apply to further development of resistors.

5.3 ACTIVE CIRCUIT ELEMENTS

The extreme versatility of the cold substrate deposition process, parti-
cularly in the areas of forming films of highly refractory materials, and

in forming films of compounds and alloys of specific properties, leads

to the potential goal of thin film active elements by this method. In order
to extend the application of the cold substrate process to the fabrication of
complete electronic circuitry, additional studies will have to be performed,

relative to the structural and electrical properties of the film.

The ultimate purpose of these studies would be to develop, optimize and
control the dei)osition parameters of the cold substrate process to pro-
vide films of active-device qualities. As all types of active devices are
both structure as well as surface sensitive, the evaluation program of the

films should include:
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1. Determination of degree of crystallinity and crystal

perfection by X-ray diffraction and electron micro-
scopy.

2. Determination of film resistivity, carrier mobility

and surface state densiiy by means of H

ments.

5.4 HYBRID CIRCUIT APPLICATIONS

The cold substrate process has great potential for use in hybrid
circuits for both passive component fabrication, as discussed

earlier, and conductor deposition for interconnection. As an
example, the cold substrate process provides a means of forming
diffusion and migration barriers to prevent undesired alloy formation
and reaction. Application of such barriers is cited in the following
interconnection problem. The lowering of adhesion of contact pad
structure can be prevented by introducing a barrier to tin and lead
diffusion (for example, nickel), which is covered by a solderable
metal (for example, gold). With cold substrate deposition, it is even
possible to build a solder preform into a contact pad and protect it
from oxidation. For example, an aluminum-nickel structure can be
given a flash of gold, a heavy deposit of tin-lead solder, and a final
gold flash. Such a structure, placed in intimate contact with a similar
structure and heated, would need no fluxing. Solder alloys are naturally

not limited to the tin-lead system.

In a similar manner weldable structures can be prepared by applying
a suitable sheathing material after deposition of a low resistance
material. One system which has been studied to some degree is that

of titanium-copper-nickel.

5.5 MONOLITHIC CIRCUIT APPLICATIONS

The application of cold substrate deposition to conventional monolithic

microcircuit fabrication is attractive from the standpoints of potentially
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greater reliability and low cost. These benefits stem from several
factors. The first of these is the proposed elimination of the alloying
step in forming aluminum-silicon contacts, thus removing a critical
high temperature cycling process. The second is that dielectric films
repared under low temperature conditions, thereby removing
subsequent high temperature cycling steps, and eliminating a shear

and bending stress situation which is inherent in thermally grown SiO;
films on silicon. A third is that the cold substrate deposition process
can be used to form high resistance precision resistors. This provides

a means of reducing the substrate area devoted to such resistors.

The potential cost saving for conventional monolithic microcircuit
fabrication would come about due to the shorter process time and

improved yield.

5.6 THIN FILM CIRCUIT APPLICATIONS

The development of an active thin film device by cold substrate
deposition will lead to a total thin film circuit capability. The probable
type of such a device is the thin film field effect transistor. This, in
conjunction with the technology discussed under the heading of Hybrid
Circuit Applications, gives a total thin film circuit capability with

extremely desirable characteristics.
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Appendix I

DESIGN GOALS

Utilizing a cold-substrate deposition process, produce resistors
having the following minimum design goal requirements:

(a) Sheet resistance 102, 103, 104, and 105 ohms per square.

(b) Temperature coefficient of resistance (T.C.R.) =
100 ppm/©C for resistors in the range 102 - 104 ohms/
square. The T.C.R. of 10° ohms per square material
will be measured but no extensive effort will be made to
achieve 100 ppm/°C.

(c) Operating temperature range, -30 to 145°C.

(d) Adjustment + 1%.

(e) Current noise db -35; 4 v/v in a decade as recommended
by NBS.
(f) Nominal value without adjustment + 10%.

(g) Stability + 1 to 2%.
(h) Moisture-humidity effects + 1%.

Utilizing a cold-substrate deposition process, fabricate capacitors

having the following minimum design goal requirements:

(a) Capacitance > 60, 000 pf/in’
(b) Temperature coefficient 2300 ppm/°C

(c)  Stability +2 to 3%

(d) Working voltage 2z 50 vdc

(e) Breakdown voltage =2 100 vdc

(f) Adjustment +1%

(g) Nominal value without adjustment + 10%

(h) Figure of merit 6 X 10-6 v-f/in?

69



¢

‘JowW JON

AP S HZ-
(1)9Lv99
#£9D2TA9P QU0
.antea 3sog

*(Axjowo0e8 ayj Buriojre paafoaur
Aaxow anbruynaj jusuwisnipe ayj aours ‘so8uea

70

*sI03S189x1 anojy Sururejuod
9]BI3SqNS B UO SI0ISISSI TRIIISNPUT O} IDJDI ,,S90IAd(],, =%

<

$1V99

9%V 99 02V99

LTV99 9TV 99 9STON juarany  (9)
%21°0F

03 paisn[pe

92uU®)SISaI I9Yjlo 9yj 03 [[om se saljdde s1yy) 21V 99 jusunsnlpy (P)
62V99
YIV99 sanjexadwa g,
¥SV99 89V 99 LTV99 91v99 3uryezado  (9)
(s@o149p 1T®)
02Vv99
‘bs /sugo o1 ‘wdd 9% (wdd ¢o1 p WI¥
¥ seM TFV99 wdd 00T > 20UB)SISaY
IOJ SON[BA  UO IDIAIP dUO %(892149p ¢) «S901A9P ¢) JO JUDIDTIIFO0D
03 orqexedwon iantea 3sag LTV 99 9TV 99 sanjexadwo], (q)
SLV99 €2V99 62V 99
94V99 LSV99 LTV99 91V 99 2oue3sIsIY 3199YS (e)

‘bs/swyo moﬁ

‘bs /swyo
/swy 50T

‘bs /swyo mo~ *bs/swyo _o1 10N ultsa(g

[4

SI03SISaY

sTeon udisog Surjeo | suswridadg

I1 xtpuaddy



8%V99
x(590149p 7) x(@5149p 1)
25V99 Wwv99 6¥VvV99 O11%0
S0V99
‘jswr 0N ‘lswx 0N LTV 99 ¥1v99
x(S90149P ¢)
GLV99
%(890149p ¢)
"(%1°01 LSV99 €ZV99 62V99
SEM 9D1ADp
auo ‘sadtacp ¢) #(s90100pP ¢)
GCVI9 SYV99 LIV99 9TV 99
*bs/swyo mg ‘bs/swyo voH ‘bs/swyo moﬁ ‘bs /swyo NoH

f

SJIO0JSISOY

(P,3u02) 11 xTPUaddy

S109534
Ayrprwuny 21n3sTOW

ST CLETS

%0T ¥
aNnTBA TEUTWION

Te0oD uldisa(g

(9)

(3)

(3)

!



Appendix II (cont'd)

Specimens Meeting Design Goals

Capacitors
Sample No.
(a) Capacitance 66C 04
66B05
(b) Temperature Coefficient 66C04
of Capacitance
(c) Stability Not met.
(d) Working Voltage 66B06
66C03
(e) Breakdown Voltage** 66C04 ) Short term
66B05 ) 100 vol,t
stressing.
(f) Adjustment 66CO07
(g) Nominal Value 66C 04
without Adjustment
(h) Figure of Merit 66C03

** Based on short term 100 volt stressing.
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Appendix III

TECHNIQUE FOR PHOTOMASKING ON LIGHT
SCATTERING SUBSTRATE MATERIALS*
Stuart M. Oliver

General Precision Inc., Librascope Group, Glendale, California

It is desirable in some thin-film device fabrications to use photomasking
techniques on the first surface of a dielectric substrate. In this approach,
a coat of photoresist, applied directly to the substrate surface, is ex-
posed to radiation through a photographic mask. This fabrication method
is used, for example, when the substrate itself is to be etched, or when
the photoresist serves as a rejection mask for a subsequently deposited
film. In others, it may be desirable to photoetch a transparent layer on
the first surface of the substrate. Many of the more useful dielectric
substrate materials are transparent to ultraviolet radiation of the wave-
lengths to which photoresist materials are sensitive. This fact compli-
cates the photomasking, in that any ultraviolet passing through the photo-
resist layer during exposure can be reflected back under the edges of the
exposure mask to wash out the edge of the resist pattern. This communi-

cation offers a solution for this problem.

Two types of substrate are normally encountered. These are the trans-
parent substrate such as clear quartz or sapphire and the scattering sub-
strate such as 99 percent alumina, which is translucent. These two types
of substrates present light reflection problems (which require different

approaches for solution).

The transparent substrate material reflects light from the second surface
(Figure 1). This detrimental effect on image edge definition can be mini-
mized by using a light-absorbing coating on the second surface. The
material used should have an index of refraction which matches fairly well
with that of the substrate to minimize interface reflection. This technique
is fairly standard. For most applications, one of the best coating materials

is 3M velvet coating optical black, which is available in several forms. (1)
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The scattering substrate not only reflects light from the second surface,
but also creates internal light scattering (Figure 2). This latter effect
cannot be corrected by introducing a second surface coating. It has

been found that a precoating of the first surface of the substrate with a
material such as silicon monoxide will prevent image washout on scatter-
ing substrates. A coating of SiO, between 5, 000 and 10, 000 angstroms
thick, performs satisfactorily (Figure 3). The major optical requirement
is that the coating should be highly absorbent to wavelengths shorter than

500 millimicrons., This means that the technique is not necessarily

limited to SiO as an ultraviolet blocking layer.

The technique described here has been successfully used to produce sharp
photomask images on ceramic substrate materials, upon which only poor

quality images could be produced by other methods.
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